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HIGHLIGHTS 


•  LiNio.5Coo.2Mno.3O2  is  designed  to  double-shelled  structure. 

•  Double-shelled  material  exhibits  improved  cycleability  and  thermal  stability. 

•  Double-shelled  sample  displays  more  excellent  rate  capability. 

•  The  improved  performances  are  probably  attributed  to  the  stable  and  porous  outer  shell. 
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LiNio.5Coo.2Mno.3O2  is  redesigned  into  a  new  core-shelled  Li[(Nio.8Coo.1Mno.i)2/7]core[(Nii/3Coi/3Mni/3)3/ 
i4]inner-sheii[CNio.4Coo.2Mno.4)i/2]outer-sheii02,  in  which  LiNi0.8Coo.iMno.i02  may  deliver  high  capacity  and 
LiNio.4Coo.2Mno.4O2  provides  structural  and  thermal  stability.  To  achieve  such  designed  structure,  double- 
shelled  hydroxide  precursors  are  firstly  prepared  via  a  co-precipitation  route.  Scanning  electron  mi¬ 
croscope  (SEM)  shows  that  all  precursors  are  of  6—10  pm  spherical  secondary  particles  developed  from 
nanosheet-shaped  primary  particles.  Energy  disperse  X-ray  spectrum  (EDS)  on  the  surface  of  precursors, 
in  combination  with  increase  of  particles  size  from  core  to  shell  during  co-precipitation  process,  confirms 
the  formation  of  core— shell  structure  as  designed.  The  spherical  morphology  is  preserved  after  lithiation 
at  different  temperatures  from  800  °C  to  900  °C  while  the  morphology  of  primary  particles  changes  from 
nano-sized  plate  to  micron-sized  rectangular-like  shapes.  EDS  surface  composition  analysis  of  lithiated 
compounds  also  strongly  suggests  the  formation  of  core-shell  structure;  nevertheless,  diffusion  of 
transition  metal  ions  between  the  core  and  shell  occurs  and  becomes  severe  with  increase  of  sintering 
temperature.  Consequently,  the  double-shelled  materials  especially  prepared  at  850  °C  display  the 
remarkably  improved  cycleability,  rate  capability,  and  thermal  stability  in  contrast  to  normal  one.  The 
enhancement  of  those  properties  may  be  ascribed  to  structurally  stable  double  shell  components, 
especially  outer  shell. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

LiCoCh  has  been  widely  used  as  the  commercial  cathode  mate¬ 
rial  for  lithium  ion  batteries  [1],  However,  it  also  has  some  limita¬ 
tions  such  as  toxicity,  high  cost  and  instability  at  high  voltages 
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(above  4.3  V)  [2,3],  which  has  led  to  study  of  other  candidate 
cathode  materials.  Li Ni ;  _yCoxM nyOz  has  been  considered  as  an 
alternative  cathode  material  to  replace  LiCoCb  [4-13],  Among  the 
potential  materials,  LiNio.5Coo.2Mno.3O2  is  considered  as  one  of  the 
most  promising  materials  in  respect  to  its  lower  cost,  less  toxicity, 
and  larger  reversible  capacity  [14—16],  Further  enhancement  of  its 
cycleability  and  safety  properties  is  still  required  [17],  Various  ef¬ 
forts  such  as  using  different  synthesis  methods  and  lithium  sources 


http://dx.doi.org/10.1016/j.jpowsour.2014.04.107 
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Fig.  1.  The  triangle  phase  diagram  of  LiNi02-LiCo02-LiMn02. 


[18,19],  surface  modification  were  reported  to  solve  the  problems 
[20—22],  but  the  gain  is  little. 

Recently,  construction  of  core-shell  structures  in  layered 
LiNii_x_yCoxMnj,02  by  co-precipitation  method  was  reported  to  be 
able  to  remarkably  enhance  the  cycleability  and  safety  property 
[23-26],  Li[(Ni1/2Mn1/2)i_xCox]02  (x  =  0-1/3)  are  usually  used  as 
the  shell  in  core— shell  structures  due  to  excellent  cycling  perfor¬ 
mance  and  thermal  stability  [4,6,27-31],  The  valence  of  transition 
metal  element  is  Ni(+2),  Co(+3)  and  Mn(+4)  in  Li^Ni^Mn,/ 
2)i-xCox]02  [28-32],  In  these  compounds,  the  electrochemically 
inactive  tetravalent  Mn  provides  significant  structural  stability  and 
results  in  a  simple  topotactic  reaction  maintaining  the  hexagonal 
phase  during  electrochemical  cycling,  even  at  a  high  voltage  cutoff 
limit  of  4.6  V  [31-34],  Therefore,  construction  of  core-shell 


structures  in  LiNio.5Coo.2Mno.3O2  to  improve  its  performances 
without  altering  total  compositions  is  of  much  interest  and  meanful 
from  application.  According  to  the  reported  core-shell  layered 
LiNii_x_yCoxMny02  materials,  a  basic  rule  for  building  the  core¬ 
shell  structure  is  that  core  and  shell  component  materials  should 
have  the  similar  layered  structure  and  can  form  solid  solution.  Fig.  1 
shows  a  triangle  phase  diagram  of  LiNi02— LiCo02— LiMn02.  Ac¬ 
cording  to  our  knowledge  of  references  [35],  the  compositions  on 
the  joint  line  of  LiCo02— LiNii/2Mni/202  in  the  triangle  phase  dia¬ 
gram  of  LiNi02-LiCo02-LiMn02  can  form  LiNizCoi_2ZMnz02  solid 
solution  and  is  also  the  border  between  pure  phase  and  impure 
phase  regions  in  the  phase  diagram.  The  pure  phase  (solid  solution) 
can  form  in  the  region  of  LiNi02-LiCo02-LiNii/2Mni/202  and 
cannot  usually  be  obtained  via  a  conventional  high-temperature 
solid  state  reaction  in  the  region  of  LiMn02— LiCo02— LiNijpMni/ 
202.  LiNio.5Coo.2Mno.3O2  in  the  pure  phase  region  can  be  decom¬ 
posed  into  various  components  according  to  the  phase  diagram.  If 
LiNio.8Coo.1Mno.1O2  having  a  high  capacity  is  chosen  as  core 
component  [36]  and  LiNio.4Coo.2Mno.4O2  having  good  structural 
stability  [27]  as  shell  component,  another  composition  as  a  tran¬ 
sitional  layer  is  needed  to  form  the  composition  of  LiNio.s_ 
Coo.2Mno.3O2.  LiNii/3Coi/3Mni/302  can  be  selected  as  a  transitional 
composition  layer  according  to  the  phase  diagram.  Therefore, 
LiNio.5Coo.2Mno.3O2  can  finally  be  redesigned  into  a  new  core- 
shelled  Li[(Nio.8COo.iMno.i)2/7]c0re[(Nii/3COi/3Mni/3)3/i4]inner-shell[(- 
Ni04Coo.2Mno.4)i/2]outer-sheii02  structure.  In  addition,  selection  of 
LiNio.4Coo.2Mno.4O2  and  LiNii/3Coi/3Mni/302  as  shells  is  also  in  view 
of  their  good  processing  property  of  electrode  as  well  as  their 
mature  synthesis  route,  which  may  probably  improve  processing 
property  of  LiNio.5Coo.2Mno.3O2  electrode. 

In  this  work,  a  double-shelled  Li[(Nio.8Coo.iMno.i)2/7]core[(Nii/ 
3COi/3Mni/3)3/i4]inner-shell[(Nio.4Coo.2Mno.4)l/2]outer-shell02,  which 
has  the  same  composition  as  LiNio.5Coo.2Mno.3O2,  was  proposed 
and  synthesized  via  a  co-precipitation  route  to  improve  perfor¬ 
mances  of  LiNio.5Coo.2Mno.3O2.  Furthermore,  lithium  carbonate 


Fig.  2.  SEM  images  of  precursors  (a)  core  [Ni0.8Co0.iMno.i](OH)2,  (b)  one-shelled  [(Nio.8Coo.iMno.i)4/7(Nii/3Coi/3Mn1/3)3/7](OH)2,  (c)  double-shelled  [(Ni0.8Coo.iMno.i)2/7(Nii,3Coi/ 
3Mn1/3)3;M(Nio.4CoozMn0.4)V2](OH)2  and  (d)  normal  [Nio.5CoozMn0z](OH)2. 
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Table  1 

Total  chemical  compositions  of  Ni,  Co  and  Mn  elements  in  molar  ratio  obtained  from 
ICP  analysis  for  normal  and  double-shelled  [Ni05Coo.2Mn0_3](OH)2  precursors. 

Observed  molar  ratio  Aimed  molar  ratio 

Ni  Co  Mn  Ni  Co  Mn 

Normal  precursors  0.496  0.199  0.305  0.5  0.2  0.3 

Double  shelled  precursors  0.497  0.201  0.302 


instead  of  lithium  hydroxide  in  this  work  was  used  as  lithium 
source  in  comparison  with  previously  reported  core-shelled  com¬ 
pounds  [24],  The  comparative  investigation  between  double- 
shelled  and  normal  LiNio.5Coo.2Mno.3O2  materials  was  performed 
in  detail. 


2.  Experimental 

To  synthesize  the  spherical  core  [Nio.8Coo.iMno.i](OH)2  pre¬ 
cursors,  stoichiometric  NiS04-6H20,  CoS04-7H20  and  MnS04H20 
were  dissolved  with  a  concentration  of  2.5  mol  L_1  as  the  core 
solution  (aq).  Then  the  core  solution  of  sulfates  (14.29  L)  and  a 
mixed  aqueous  alkaline  solution  (aq)  with  10  mol  L_1  NaOH  as  the 
pH  control  agent  and  1.5  mol  L-1  NH40H  as  the  chelating  agent, 
were  simultaneously  pumped  into  a  continuously  stirred  tank 
reactor  (CSTR,  capacity  of  170  L)  under  a  nitrogen  atmosphere  to 
react  at  50  °C  by  automatically  controlling  a  constant  pH  value  of 
about  11  and  keeping  a  stirring  rate  of  500  rpm.  The  complete 
consumption  of  the  core  sulfate  solution  finally  led  to  the  core 
[Nio.8Coo.iMno.iKOH)2  precursors.  Subsequently,  the  aqueous  first- 
layer  shell  solution  (cationic  ratio  of  Ni:Co:Mn  =  1:1:1, 10.71  L)  in 
place  of  core  sulfates  solution  was  continuously  pumped  into  the 
reactor  to  encapsulate  the  core  under  a  constant  pH  (10.6).  The 
complete  consumption  of  the  first-shell  sulfate  solution  resulted  in 
one-shelled  [(Ni0.8Coo.iMno.i)4/7(Nii/3Coi/3Mni/3)3/7](OH)2  precur¬ 
sor.  Finally,  the  second-layer  shell  sulfate  solution  (25.0  L,  cationic 
ratio  of  Ni:Co:Mn  =  2:1:2)  was  further  continuously  pumped  into 
the  reactor  under  a  constant  pH  (10.6),  leading  to  double-shelled 
( [  (Nio.8Coo.iMn0.i  )2/7(Nii  /3Coi/3Mni  /3h/u(  Ni0.4Coo.2Mn0.4)i  / 
2](OH)2)  precursor.  The  velocity  for  pumping  sulfate  solutions  into 
the  reactor  is  about  1.5  L  per  hour,  and  thus  the  total  reaction  time  is 
about  33  h.  The  normal  [Nio.5Coo.2Mno.3](OH)2  precursors  were  also 
synthesized  via  a  similar  co-precipitation  route. 

The  obtained  hydroxide  precursors  were  filtered,  washed,  and 
dried  for  24  h  in  air.  The  mixture  of  the  obtained  precursors  with  a 
stoichiometric  ratio  U2CO3  powder  was  preheated  to  750  °C  for  4  h 
and  subsequently  calcined  at  800  °C,  850  °C,  and  900  °C  for  16  h  in  a 
furnace  under  air  to  form  lithiated  materials,  respectively. 


Surface  compositions  of  Ni,  Co  and  Mn  elements  in  molar  ratio  obtained  from  EDS 
experiments  for  core,  one-shelled,  double-shelled  and  normal  precursors. 

Observed  molar  ratio  Aimed  molar  ratio 


Ni  Co  Mn  Ni  Co  Mn 


Normal  precursors 
[Nio.5Coo^Mn0.3](OH)2 
Core  precursors 

[Nio.8Coo.iMno.i](OH)2 
One-shelled  precursors 
[(Ni0.8Co0.iMno.i)4/7 
(Nii/3Coi/3Mn1/3)3/7](OH)2 

Double-shelled  precursors 
[(Ni0.8Coo.,Mn0.1)2/7(Nia/3Co1/3 
MnjphyMtNioaCooj 
Mn0,4)1/2](OH)2 


0.503  0.191  0.306  0.5  0.2  0.3 

0.796  0.103  0.101  0.8  0.1  0.1 

0.333  0.334  0.332  0.333  0.333  0.333 

0.392  0.206  0.402  0.4  0.2  0.4 


Precursors  products  were  periodically  collected  every  two  hours 
during  the  co-precipitation  experiment  for  monitoring  the  growth 
conditions  of  precursors  particle  size.  And  the  particle  size  distri¬ 
bution  was  measured  with  a  particle  size  analyzer  (OMEC,  LS- 
POP(6),  China).  X-ray  diffractometry  (XRD,  Rigaku  D/MAX-2500 
Japan)  was  employed  to  characterize  structure  of  the  prepared 
materials.  The  morphology  of  synthesized  materials  was  observed 
by  a  scanning  electron  microscope  (SEM,  JMS-6700F,  JEOL,  Japan). 
Energy  dispersive  X-ray  spectroscopy  (EDS,  Hiroba  EDX)  was  used 
to  analyze  surface  chemical  composition  of  precursors  and  lithiated 
materials.  The  total  chemical  compositions  of  precursors  were 
analyzed  by  an  inductively  coupled  plasmas  spectrometer  (ICP,  SPS 
7800,  Seiko  Instruments,  Japan).  The  specific  surface  area  of  the 
samples  was  determined  by  N2  adsorption  using  a  3H-2000  specific 
surface  area  instrument  (Brunauer  Emmett  Teller,  BET). 

For  differential  scanning  calorimetry  (DSC)  experiments,  cells 
were  finally  charged  to  4.3  V  and  opened  carefully  in  the  Ar-filled 
dry  box.  After  opening  the  cells,  the  electrode  materials  were 
recovered  from  the  current  collector.  The  DSC  data  were  collected 
in  a  DSC  (NETZSCH  204F1, Germany)  using  a  temperature  scan  rate 
of  4  °C  min-1  in  the  temperature  range  of  50—350  °C. 

For  fabrication  of  cathode  electrodes,  the  prepared  materials 
were  mixed  with  acetylene  black  and  PVDF  (83:10:7  in  weight)  in 
N-methyl-2-pyrrolidone.  The  obtained  slurry  was  coated  onto  Al 
foil  and  dried  at  80  °C  for  a  day,  followed  by  a  roll-pressing.  Prior  to 
use,  the  electrodes  were  dried  again  at  120  °C  for  half  a  day  in  a 
vacuum  oven.  The  electrodes  were  electrochemically  characterized 
using  a  2032  type  of  coin  cell  with  lithium  foil  as  the  anode  and  1  M 
LiPF6  in  ethylene  carbonate  diethyl  carbonate  (1 :1  in  volume)  as  the 
electrolyte.  The  cells  were  charged  and  discharged  in  the  voltage 
range  of  3.0— 4.3  V  (versus  Li)  under  different  conditions. 


3.  Results  and  discussion 

Fig.  2  shows  SEM  images  of  the  core  precursor  [Ni0.sC- 
Oo.iMno.1](OH)2,  one-shelled  precursor  [(Nio.8Coo.iMn0.i)4/7(Nii/ 
3Coi/3Mni/3)3/7](OH)2,  double-shelled  precursor  [(Nio.sCoo.iMno.ih/ 
7(Nii/3Co1/3Mni/3)3/14(Nio.4Coo.2Mno.4)i/2](OH)2,  and  normal  pre¬ 
cursor  [Nio.5Coo.2Mno.3](OH)2,  respectively.  All  precursors  are  of 
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Fig.  4.  SEM  images  of  double-shelled  LiNio.5Coo.2Mno.3O2  prepared  at  (a)  800  °C,  (c)  850  °C,  (e)  900  °C  and  normal  LiNio.5Coo^Mno302  at  (b)  800  °C,  (d)  850  °C,  (f)  900  °C. 


spherical  secondary  particles  with  a  large  size  of  6—10  pm,  which 
are  developed  from  plate-like  primary  particles  with  a  nanosized 
thickness.  The  total  chemical  compositions  of  Ni,  Co  and  Mn  ele¬ 
ments  obtained  by  ICP  for  the  normal  precursor  and  double-shelled 
precursor  [Nio5Coo.2Mno.3](OH)2  are  listed  in  Table  1.  The  total 
chemical  compositions  of  normal  and  double-shelled  precursors 
are  [Nio.496Coo.i99Mno.305](OH)2  and  [Nio497Coo.20iMno.302](OH)2, 
respectively,  displaying  quite  good  consistency  with  the  targeted 
[Nio5Coo.2Mno3](OH)2.  The  surface  chemical  compositions  of  Ni,  Co 
and  Mn  elements  obtained  from  EDS  experiments  for  core,  one- 
shelled,  double-shelled,  and  normal  precursors  are  shown  in 
Table  2.  The  detected  surface  chemical  composition  of  core,  one- 
shelled,  double-shelled,  and  normal  precursors  are  [Nio.796C- 
O0.103Mn0.101  ](OH)2,  [  Nio.333Coo.334Mno.332  ]  ( OH  )2, 

Table  3 

Surface  compositions  of  Ni,  Co  and  Mn  elements  in  molar  ratio  obtained  from  EDS 
experiments  for  double-shelled  LiNio.5Coo.2Mno.3O2  calcined  at  800, 850  and  900  °C. 

Observed  molar  ratio  Aimed  molar  ratio 

Ni  Co  Mn  Ni  Co  Mn 

800  ”C  0.403  0.194  0.403 

850  “C  0.416  0.201  0.383  0.4  0.2  0.4 

900  ”C  0.433  0.205  0.361 


10  20  30  40  50  60  70  80 


2  Theta  /  ° 

Fig.  5.  XRD  patterns  of  double-shelled  LiNin.5Con.2Mnn.3O2  prepared  at  (a)  800  °C,  (c) 
850  "C,  (e)  900  °C  and  normal  LiNio.5Coo.2Mno.3O2  at  (b)  800  °C,  (d)  850  “C,  (f)  900  °C. 
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Table  4 

Comparison  of  lattice  parameters  of  double-shelled  and  normal  LiNi05- 
Coo.2Mno.3O2  prepared  at  different  calcination  temperatures. 


Table  5 

Comparison  of  initial  charge-discharge  capacities  and  efficiency  for  double-shelled 
and  normal  LiNio.5C002Mno.3O2  prepared  at  different  calcination  temperatures. 


Lattice  parameters 

a/A  c/A 


Double-shelled  LiNio.5Coo_2Mno.3O2 

800  “C  2.8760  14.2631 

850  °C  2.8759  14.2616 

900  °C  2.8751  14.2604 

Normal  LiMo.5CoojMno.3O2 

800  °C  2.8744  14.2542 

850  °C  2.8732  14.2501 

900  “C  2.8731  14.2478 


Charge  capacity  (mAh  g  ’)  Discharge  capacity  Initial 

(mAhg-1)  efficiency  (%) 


Double-shelled  LiNi0.5Coo2Mn0302 


800  "C  200.1  166.2 

850  °C  192.7  171.5 

900  "C  193.0  162.5 

Normal  LiNi0.5Coo2Mn0302 
800  *E  195.7  163.9 

850  °C  194.4  168.7 

900  "C  200.0  169.2 


83.7 

84.6 


[Nio.392Coo.206Mno.402](OH)2  and  [Ni0.503Coo.19iMno.306](OH)2, 
respectively,  also  showing  good  consistency  with  aimed  ones. 
Therefore,  the  designed  core— shell  structures  in  precursors  pre¬ 
sumably  are  obtained  successfully  according  to  ICP  and  the  surface 
EDS  data  as  well  as  the  reported  core-shelled  hydroxide  precursors 
[24,37],  In  addition,  the  generation  of  core-shell  structures  in 
precursors  can  also  be  well  supported  by  the  increase  of  the  particle 
size  from  core  to  shell  components  during  co-precipitation  process. 
Fig.  3  shows  the  change  in  particle  size  distribution  of  double- 
shelled  [(Nio.8Coo.iMno.i)2/7(Nii/3Co1/3Mn1/3)3/i4(Nio.4Coo.2Mno.4)i/ 
2](OH)2  precursors  during  the  precipitation  from  core  ([Nio.gC- 
Oo.iMn0.i](OH)2)  to  one-shelled  ([(Ni0.8Co0.iMno.i)4/7(Nii/3Co1/ 
3Mni/3)3/7](OH)2)  to  double-shelled  ([(Ni0.aCoo.iMno.1)2/7(Nii/3Coi/ 
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3Mni/3)3/i4(Nio.4Coo.2Mno.4)i/2](OH)2)  steps.  All  the  curves  have  a 
single  and  narrow  distribution  peak.  The  formation  of  new  crystal 
nuclei  is  not  detected  according  to  the  particle  size  analysis  every 
two  hours  during  co-precipitation.  Furthermore,  as  shell  compo¬ 
nents  are  co-precipitated,  particle  size  gradually  increases.  There¬ 
fore,  it  can  be  deduced  that  the  shell  components  are  co¬ 
precipitated  onto  the  core  part  rather  than  generation  of  the  new 
particle  alone.  The  average  particle  diameters  (D50)  of  the  core,  one- 
shelled,  and  double-shelled  precursors  are  6.10  pm,  7.35  pm  and  to 
8.63  pm,  respectively,  which  suggests  the  thickness  of  inner-shell 
[Nii/3Coi/3Mni/3](OH)2  and  outer-shell  [Nio.4Coo.2Mno.4](OH)2  in 
double-shelled  precursors  are  0.625  pm  and  0.64  pm,  respectively. 

The  prepared  precursors  were  calcined  with  a  stoichiometric 
ratio  of  lithium  carbonate  at  different  temperatures  from  800  °C  to 
900  °C.  SEM  (in  Fig.  4)  shows  that  the  spherical  morphology  can  be 
maintained  well  even  after  lithiation  at  high  temperatures  from 
800  °C  to  900  °C,  but  primary  particles  change  from  nanosized 
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Fig.  6.  The  initial  charge-discharge  curves  of  normal  and  double-shelled  LiNi0.5- 
Coo.2Mno.3O2  prepared  at  different  temperatures  in  the  voltage  range  of  3.0-4.3  V  at 
25  °C  at  a  constant  current  density  of  20  mA  g  1  for  initial  three  cycles  and  150  mA  g  1 
for  subsequent  cycles:  (a)  800  °C,  (b)  850  °C,  (c)  900  °C. 


Fig.  7.  Cycling  performance  of  normal  and  double-shelled  LiNio.5Coo.2Mno.3O2  calcined 
at  different  temperatures  in  the  voltage  range  of  3.0-4.3  V  at  25  °C  at  a  constant 
current  density  of  20  mA  g-1  for  initial  three  cycles  and  150  mA  g  1  for  subsequent 
cycles:  (a)  800  -C,  (b)  850  °C,  (c)  900  °C. 
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Fig.  8.  Cycling  performance  of  normal  and  double-shelled  LiNio.5Coo.2Mno.3O2  pre¬ 
pared  at  850  °C  in  the  voltage  range  of  3.0— 4.3  V  at  55  °C  at  a  constant  current  density 
of  20  mA  g  1  for  initial  three  cycles  and  100  mA  g  1  for  subsequent  cycles. 


Fig.  10.  The  comparison  in  initial  discharge  capacity  for  normal  and  double-shelled 
LiNio.5Coo.2Mno.3O2  cycled  between  3.0  and  4.3  V  at  25  °C  at  various  rates  from 
0.05C  (8  mA  g1)  to  5  C  (800  mA  g'1). 


plate-like  to  micron-sized  rectangular-like  shapes.  In  addition,  the 
materials  with  core— shell  structure  appears  to  be  more  porous 
than  normal  one  especially  prepared  at  850  °C,  which  is  also 
confirmed  by  the  comparison  of  BET  measurement  that  the  double- 
shelled  material  prepared  at  850  °C  (1.26  m2  g_1)  has  a  larger 
specific  surface  area  than  normal  one  (0.79  m2  g  ').  This  implies 
that  the  double-shelled  sample  perhaps  has  superior  rate  capability 
in  comparison  with  the  normal  sample.  The  EDS  analysis  of  double- 
shelled  lithiated  compounds  of  Fig.  4(a),  (c)  and  (e)  is  listed  in 
Table  3.  The  detected  surface  compositions  for  the  double-shelled  Li 
[Nio.5Coo.2Mno.3lO2  prepared  at  800  °C,  850  °C  and  900  °C  are  Li 
[Nio.403Co0.i94Mn0.403]02,  Li[Ni0.4i6Coo.20iMn0.383]02  and  Li 

[Nio.434Coo.205Mno.36i]02,  respectively,  indicating  gradual  deviation 
from  targeted  LiINio.4Coo.2Mno.4lO2  with  increasing  sintering  tem¬ 
perature.  It  seems  that  the  diffusion  of  transition  metal  ions  be¬ 
tween  core  and  shell  occurs  and  becomes  severe  with  increasing 
sintering  temperature.  Anyhow,  the  EDS  data  can  demonstrate  the 
preservation  of  core— shell  structure  even  after  calcination  at 
900  °C;  however,  the  shell  components  at  a  high  sintering 


Cycle  /  n 


Fig.  9.  Cycling  life  of  normal  and  double-shelled  LiNio.5C002Mno.3O2  prepared  at 
850  °C  at  a  constant  current  density  640  mA  g  1  (4C)  between  3.0  and  4.3  V  at  25  °C. 


temperature  possibly  change  somewhat,  leading  to  a  smaller 
compositional  difference  from  core  to  shell  parts. 

Fig.  5  shows  XRD  patterns  of  the  double-shelled  and  normal 
materials  prepared  at  800  °C,  850  °C  and  900  °C.  All  materials  can 
be  indexed  to  a  hexagonal  a-NaFe02-type  structure  with  a  space 
group  of  R-3m.  It  is  hard  to  find  differences  in  XRD  patterns  be¬ 
tween  double-shelled  and  normal  samples  prepared  at  the  same 
sintering  temperature.  Nevertheless,  the  double-shelled  material 
displays  slightly  larger  lattice  parameters  than  normal  one,  as 
indicated  in  Table  4.  In  addition,  the  splitting  between  the  (1  0  8) 
and  (110)  peaks  becomes  more  clear  with  increasing  sintering 
temperatures.  This  means  that  the  materials  prepared  at  a  higher 
calcination  temperature  have  a  better-defined  layered  structure. 
The  subtle  changes  due  to  different  sintering  temperatures  can  be 
also  reflected  in  lattice  parameters,  as  shown  in  Table  4.  The  lattice 
parameters  become  smaller  with  increasing  calcination 
temperature. 

Fig.  6  shows  the  initial  charge— discharge  curves  of  double- 
shelled  and  normal  materials  prepared  at  different  temperatures 
in  the  voltage  of  3.0-4.3  V  at  25  °C  at  a  constant  current  density  of 
20  mA  g-1.  The  initial  charge-discharge  capacities  and  columbic 
efficiency  are  summarized  in  Table  5.  The  differences  in  the  shape  of 
charge— discharge  curves  are  hardly  found  between  the  core- 
shelled  and  normal  samples.  Nevertheless,  it  is  found  that  850  °C 
is  the  optimal  sintering  temperature  according  to  these  electro¬ 
chemical  data.  Fig.  7  shows  the  cycling  performance  comparison  of 
normal  and  double-shelled  materials  calcined  at  different  calcina¬ 
tion  temperatures  in  the  voltage  range  of  3.0— 4.3  V  at  25  °C  at  a 
constant  current  density  of  20  mA  g-1  for  initial  three  cycles  and 
150  mA  g-1  for  subsequent  cycle.  As  expected,  double-shelled 
materials  especially  prepared  at  850  °C  exhibit  much  improved 
Li+  intercalation  stability  in  contrast  to  normal  ones.  The  double- 
shelled  materials  prepared  at  800  °C,  850  °C,  and  900  °C  have  ca¬ 
pacity  retention  of  85.95%,  87.35%,  and  79.31%  at  150th  cycle, 
respectively.  By  contrast,  the  normal  materials  prepared  at  800  °C, 
850  °C,  and  900  °C  suffer  from  a  severe  capacity  fading,  leading  to 
capacity  retention  of  only  77.20%,  77.49%  and  76.80%  at  150th  cycle, 
respectively.  The  significant  improvement  in  cycleability  may  be 
possibly  ascribed  to  LiNio.4Coo.2Mno.4O2  shell  providing  structural 
stability  [27], 

To  further  evaluate  the  effect  of  the  core— shell  structure  on 
cycling  stability  of  materials,  electrochemical  tests  with  the  sam¬ 
ples  prepared  at  850  °C  were  performed  at  an  elevated  temperature 


P.  Hou  et  al  /  Journal  of  Power  Sources  26 5  (2014)  174-181 


charged  to  4.3  V. 


of  55  °C  in  the  voltage  range  of  3.0-4.3  V  at  a  constant  current 
density  of  20  mA  g-1  for  initial  three  cycles  and  100  mA  g-1  for 
subsequent  cycle,  as  shown  in  Fig.  8.  The  initial  discharge  capacities 
of  the  double-shelled  and  normal  material  electrodes  at  55  °C  in¬ 
crease  by  10  mAh  g-1  compared  to  that  at  25  °C.  The  cycleability  of 
double-shelled  material  is  remarkably  improved,  still  maintaining 
discharge  capacity  of  142.2  mAh  g”1  (only  18.3%  capacity  loss)  after 
70  cycles.  In  contrast,  the  normal  material  shows  a  rapid  decrease 
in  capacity,  leading  to  a  capacity  retention  of  only  72.0% 
(126.1  mAh  g  ')  over  the  same  cycling  period.  On  the  basis  of  the 
above  electrochemical  data,  it  can  be  concluded  that  construction 
of  a  suitable  double-shelled  core— shell  structure  in  LiNio.5_ 
Coo.2Mno.3O2  can  contribute  to  enhancing  the  cycleability  of  ma¬ 
terials.  Presumably,  two  factors  may  account  for  it.  One  factor  is 
ascribed  to  structurally  stable  shell  component  of  LiNio4- 
Coo.2Mno.4O2,  which  can  elevate  structural  stability  of  core-shelled 
materials  during  cycling,  as  suggested  by  Sun  et  al.  [24],  The  other 
can  be  attributed  to  the  interface  between  electrode  materials  and 
electrolyte.  According  to  the  report  [38],  the  surface  crystal  struc¬ 
ture  of  LiNio.5Coo.2Mno.3O2  suffers  from  an  irreversible  trans¬ 
formation  after  a  large  number  of  cycles,  that  is,  a  mixture  of  spinel 
and  rock  salt  phases  is  developed  on  the  surface  of  the  pristine 
rhombohedral  phase  due  to  the  highly  oxidative  environment  that 
triggers  the  oxygen  loss  from  the  surface  of  the  material.  The 
presence  of  the  ionically  insulating  rock  salt  phase  may  result  in 
sluggish  kinetics,  thus  deteriorating  the  capacity  retention.  In  the 
double-shelled  sample,  a  new  interface  based  on  LiNio.4- 
Coo.2Mno.4O2  is  constructed.  LiNio.4Coo.2Mno.4O2  has  been  reported 
to  be  able  to  remain  a  simple  topotactic  reaction  during  electro¬ 
chemical  cycling,  even  at  the  high  voltage  cutoff  limit  of  4.6  V  [27], 
The  cycleability  comparison  at  a  high  rate  of  640  mA  g-1  (about 
4C)  in  the  voltage  range  of  3.0— 4.3  V  at  25  °C  was  also  performed,  as 
indicated  in  Fig.  9.  After  300  cycles,  the  discharge  capacity  and 
capacity  retention  of  the  normal  sample  are  105.2  mAh  g_1  and 
72.4%,  respectively.  By  contrast,  the  double-shelled  sample  displays 
the  discharge  capacity  of  122.0  mAh  g1  and  capacity  retention  of 
90.9%.  The  results  also  show  that  the  double-shelled  sample  pre¬ 
sents  better  cycleability  than  normal  sample  even  at  a  high  rate. 
Nevertheless,  a  more  superior  reversible  capacity  at  a  high  rate  is 
observed  in  the  double-shelled  sample  in  contrast  to  normal 
sample.  This  implies  that  the  double-shelled  materials  possibly 
have  better  rate  performance  than  normal  ones.  The  deduction  is 


certified  in  Fig.  10,  which  shows  the  comparison  in  initial  discharge 
capacity  for  normal  and  double-shelled  LiNio.5Coo.2Mno.3O2  cycled 
between  3.0  and  4.3  V  at  25  °C  at  various  rates  from  0.05C 
(8  mA  g-1)  to  5C  (800  mA  g-1).  A  gradually  increased  difference  in 
initial  discharge  capacity  between  double-shelled  and  normal 
materials  are  observed  with  increasing  rates,  indicating  that  the 
double-shelled  sample  has  better  rate  capability  than  normal  one. 
The  capacity  retention  ratio  of  5C  vs  0.05C  in  the  double-shelled 
material  electrode  is  about  59.2%,  while  47.5%  in  normal  sample. 
The  result  is  possibly  related  to  the  fact  that  the  double-shelled 
sample  prepared  at  850  °C  has  larger  porosity  than  normal  sam¬ 
ple,  as  demonstrated  from  above  SEM  images  and  the  BET  data. 

Fig.  11  shows  DSC  profiles  of  normal  and  double-shelled  mate¬ 
rial  electrodes  charged  to  4.3  V.  The  normal  material  electrode 
exhibited  two  exothermic  peaks  at  250  °C  and  280  °C  with  a  heat 
generation  of  864  J  g  '.  Meanwhile,  double-shelled  material  elec¬ 
trode  showed  an  improved  thermal  stability  with  two  exothermic 
reaction  at  250  °C  and  290  °C  and  much  reduced  heat  generation  of 
660  J  g  ’.  The  improved  thermal  stability  of  the  double-shelled 
material  might  be  due  to  the  thermally  stable  double  shells  LiNii/ 
3Coi/3Mni/3C>2  and  LiNio.4Coo.2Mno.4O2,  which  can  suppress  oxygen 
release  from  the  host  lattice. 

4.  Conclusion 

A  new  double-shelled  Li[(Nio.8Coo.iMno.i  [2/7 ]core[( hTi  1  /3C0 1  /3Mn  3  / 
3)3/i4]inner-sheii[(Nio.4Coo.2Mno.4)t/2]outer-sheii02  structure  was  pro¬ 
posed  to  improve  battery  performances  of  LiNio.5Coo.2Mno.3O2  and 
achieved  successfully  from  corresponding  core-shelled  precursors 
obtained  via  a  co-precipitation  route.  Increase  of  particles  size  of 
hydroxide  precursors  from  core  to  shell,  in  combination  with  the 
investigations  of  EDS,  SEM  and  ICP  on  precursors  and  lithiated 
compounds,  demonstrates  the  formation  of  the  core-shelled 
structure.  However,  sintering  temperature  for  preparation  of  lithi¬ 
ated  compounds  has  great  impacts  on  morphology,  structure, 
cation  diffusion  in  core-shelled  structure  and  electrochemical 
performances.  It  seems  that  850  °C  is  an  optimal  sintering  tem¬ 
perature  according  to  electrochemical  performances.  Consequently, 
the  double-shelled  LiNio.5Coo.2Mno.3O2  presents  remarkably 
improved  cycling  performance,  thermal  stability,  and  rate  capa¬ 
bility  in  contrast  to  normal  LiNio.5Coo.2Mno.3O2,  which  might  be  due 
to  the  double  shells  providing  structural  and  thermal  stability  or 
better  interface  between  electrode  and  electrolyte.  Additionally, 
the  concept  of  designing  LiNio.5Coo.2Mno.3O2  into  new  double- 
shelled  or  multi-shelled  structure  with  the  aid  of  the  triangle 
phase  diagram  of  LiNi02— LiCo02— LiMn02  is  instructive  in  search¬ 
ing  for  new  improved  cathode  materials. 
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